Adsorption behavior of unburned carbons from fly ash has been investigated in this study. Batch tests and column test were carried out for several unburned carbon samples from various ash sources and processing schemes. Adsorption isotherms have been obtained from these tests. Results show that the unburned carbons have equal or better adsorption capacity for elemental mercury comparing with some general purpose commercial activated carbons at low gas phase mercury concentration that is in the range of power plant emissions. Also it has been found that heat treatment of unburned carbon in the presence of air at 400 o C enhanced the adsorption capacity, and the adsorption capacity decreased with the increase of the adsorption temperature. The mechanism of mercury adsorption on the unburned carbon was explained by the physical and chemical interaction between mercury and primary sites on the carbon surface.
Introduction
As mentioned in the previous paper, the mercury emissions from coal-fired utility boilers has become a great concern due to the potential environmental threat to human health. [1] In this regard, several technologies have been developed to remove mercury emitted during combustion of coals, and, among them, adsorption with activated carbon is a promising technology. [2] [3] [4] [5] [6] [7] [8] [9] As early as 1920s, Coolidge and Shiels proposed the use of activated carbon as the sorbent for mercury. [12, 13] With the evolution of the technology, carbon-type materials have become the primary sorbent in the field.
Currently, there are two major types of process configuration, i.e. fixed bed and carbon injection methods. [14] In a fixed bed practice, the sorbent (e.g. activated carbon granulates) is packed in a column reactor and almost no flow or movement of sorbent is taking place inside the column. For the carbon injection method, fine carbon particles are spread into the flue gas stream, and adsorption is achieved during the flight of the carbon particles. Then the particles are collected by electrostatic precipitator (ESP) for regeneration or disposal. More recently, novel adsorbents such as sulfur impregnated activated carbon have emerged to enhance the efficiency of mercury removal from flue gas. [15, 16] However, due to the extremely high cost of these types of sorbent materials, full-scale industrial applications of these technologies have been impeded. Therefore, low cost adsorbent with sufficient adsorption capacity needs to be developed for the implementation of the mercury removal control technology.
Bergstrom studied the possibility of using fly ash to remove mercury from flue gas, and it has been found that 91% of the total mercury was removed with a fabric filter when additional fly ash was injected into the flue gas upstream of the filter. [17] Recently, there are also several studies related to the adsorption of mercury by fly ash. [18] [19] [20] [21] [22] [23] They claimed that the mercury partitioning is directly related to the carbon content among individual ash samples. Our previous stud y showed that the mercury content in the unburned carbon separated from fly ash was significantly higher than that of the raw fly ash and the clean ash. [1] One possibility for the high mercury content in the unburned carbon is due to its adsorbability. To understand the adsorption behaviors of the unburned carbon, this paper presents the results of adsorption tests for different carbons from fly ashes.
Experimental Methods
Material. Unburned carbons from six different fly ash sources were studied in this project. C1, C2 and C3 were the +100 mesh carbons from FA1, FA2, and FA3 fly ashes separated by the gravity separation followed by the electrostatic separation as described in the previous paper of the series. C1-F-L and C1-F-H were the -100 mesh carbons of FA1 fly ash separated by froth flotation. C1-F-L was dried in the air at 105 o C, whereas C1-F-H was heated in the air at 400 o C for 4 hours. Properties of these materials have been presented earlier. [1] For comparison, two commercial activated carbons, BPL and F400 from Calgon Carbon Co. were also tested.
Mercury source. A U-shaped mercury permeation tube (VICI Metronics) was used as the elemental mercury source. A thermal bath was used to maintain a constant temperature of the source. The carrier gas was nitrogen of P.P. grade (Interstate Welding Sales Co.). The VICI tube included a mercury-containing permeation tube in one leg and glass beads in the other leg to ensure a uniform heating of the carrier gas stream. The permeation rate of unit length of the tube is dependent on the temperature. By controlling the temperature of the thermal bath (-2 o C ~ 70 o C), various mercury concentrations of carrier gas can be obtained at a certain gas flow rate (100 ml/min ~ 800 ml/min). The permeation tube for this study was 4.0 cm long and had a releasing rate of approximately 300 ng/min at 70 o C.
Mercury analysis. Mercury concentration in gas phase was analyzed with a gold film mercury vapor analyzer (JEROME 431-X, Arizona Instrument Corp.). The measuring range of the analyzer is 0.000 to 0.999 mg/m 3 , with a resolution of 0.001 mg/m 3 and a sensitivity of 0.003 mg/m 3 . The precision is 5% relative standard deviation at 0.100 mg/m 3 and the accuracy is +5% at 0.100 mg/m 3 . The maximum gas temperature is 40°C. A measurement cycle takes 12 seconds with a gas flow rate of 750 ml/min. Setups and procedure. Batch tests were carried out with Tedlar sampling bags (231 series) purchased from SKC Co. According to the supplier, these Tedlar bags were made from chemically inert film. They had a low memory effect of previous samples and can be used in a wide temperature range (-72 o C to 107 o C). They are strong, flexible and resistant to fatigue. In order to test the mercury permeability of these sample bags, the bags were filled with 9 liters of nitrogen gas with an initial mercury concentration of 0.418 mg/m 3 and sealed right after filling. The mercury concentration was measured after 7 days at 0.409 mg/m 3 and 0.399 after 14 days, corresponding to a reduction of 2% and 4.5% respectively. Therefore, the mercury permeability of such bags was very low.
The 231 Series sampling bags had two fittings, a hose/valve and a septum fitting. The hose/valve fitting was used for bag flushing, filling and sealing. The septum fitting had a syringe port on the top and was used for small amount sampling. The capacity of the bags was 10 liters.
Representative carbon samples were taken from the bulk materials and ground to pass a 200-mesh sieve. The fine particles were dried in an oven at 105 o C for 24 hours and stored in a desiccator for future use. The Tedlar bags were evacuated with a vacuum pump, and the desired amount of the dried carbon sample was put into the bag through the septum fitting. The carbon samples were weighed with a balance with an accuracy of 0.1 mg. The bag was then filled with the nitrogen gas with a mercury content of 450 µg/m 3 through the hose/valve fitting of the bag at a flow rate of 1 l/min. The total volume of gas was controlled with a flow meter and a timer.
The filled bags were allowed to set for 7 days in order to reach equilibrium, and the equilibrium concentration of mercury was measured at the end of the 7 days. The amount of mercury being adsorbed was calculated according to the following equation
where Q is the amount of mercury adsorbed on the carbon (mg/g), V is the gas volume filled in the bag (m 3 ), C 0 is the initial mercury concentration of the gas (mg/m 3 ), C eq is the equilibrium mercury concentration of the gas (mg/m 3 ), and m is the weight (g) of the carbon sample put into the bag.
During the process of adsorption, the bags were periodically shaken to ensure uniform adsorption. For each test two concentration points were measured and the average value was reported. The measurements are within 5% of difference.
Column Tests. In order to investigate the kinetics of the adsorption process, column tests were carried out for the unburned carbon samples at various mercury concentrations of the carrier gas. The experimental apparatus is illustrated in Figure 1 . Carbon samples were packed in a U-shaped tube with a diameter of 4 mm to form an adsorption bed. During the experiment, the carbon bed was placed in a thermal bath filled with antifreeze to maintain a constant temperature. The feed carrier gas line and the carbon bed were connected with a three-way valve, which allows the measurement of the mercury concentration of the feed gas prior to entering the bed. The mercury concentration analysis was carried out by sampling the carrier gas (either feed gas or exhaust gas) in a one-liter Tedlar bag and analyzed with the Jerome mercury vapor analyzer. For each packed bed, about 0.3 gram of unburned carbon sample was loaded, and glass wool was used as the supporting material. The column parameters are summarized in Table 1 .
The total adsorption of mercury at equilibrium q was calculated by integration as shown in the following equation:
, where C 0 and C are the influent and effluent concentrations of mercury, and Q is the gas volume flowing into the bed at time t.
Results and discussion
Adsorption of unburned carbons and commercial activated carbons. The batch adsorption tests indicated that the unburned carbons from fly ash had significant adsorption capacities for elemental mercury. Adsorption isotherms of these materials are presented in Figures 2-5 . For the purpose of comparison, the isotherm of BPL activated carbon (Calgon Carbon Co.) is also shown in the figures. It can be seen from the plots that a concave type of isotherm is apparent for all the carbon samples. At low mercury concentration of the gas phase, the mercury adsorbed on carbon increased linearly with the increase of the gas phase mercury concentrations. When the gas phase mercury concentration reached a certain level (>0.28~0.33 mg/m 3 ), the mercury adsorption increased rapidly with the gas phase mercury concentrations. It is noticed that the adsorption capacity of C1 and C2 carbons is higher than that of F-400 and BPL activated carbons at low gas phase mercury concentrations (<0.3 mg/m 3 ). The order of mercury adsorption capacity from high to low is C1, C2, F-400, BPL, C3. For these unburned carbons the mercury adsorption capacity could be as high as 60 µg/g. However, BPL activated carbon had a much higher capacity, up to 380 µg/g, at a gas phase mercury concentration of 0.32 mg/m 3 . Since the mercury concentration in flue gas is in the range of 0.01 to 0.3 mg/m 3 , it can be seen from the above results that the unburned carbon is better suited for the mercury remo val from flue gas. Figure 6 presents the isotherms of C1 and C1-F carbon samples derived from different processing schemes. The C1 carbon was obtained by gravity separation followed by electrostatic separation as described in the previous paper, and it had a particle size of +100 mesh. The C1-F was the concentrate from froth flotation and had a size of -100 mesh. It can be seen that the isotherms of these two materials are basically the same with adsorptio n capacities very close to each other. This result indicated that the residual flotation reagents on the carbon surface had no or very little influence on the adsorption capacity of the unburned carbon. Also, it has been shown that the unburned carbon can be used as the adsorbent for elemental mercury, no matter the particle size and processing routes.
Comparison of C1 carbons from different processes.
Effect of heat treatment on the adsorption capacity of C1 carbon. Figure 7 shows the isotherms of C1 carbon samples with or without heat treatment. Both samples were obtained from the same froth flotation process, but treated differently afterwards. The C1-F-L sample was dried in air at 100°C for 4 hours while the C1-F-H was heated in air at 400°C for 4 hours. It can be seen from the figure that the heat treatment had a significant impact on the adsorption capacity of the unburned carbon. The capacity was increased by about 4 times in the concentration range of 30 µg/m 3 to 320 µg/m 3 , with a capacity up to 380 µg/g. This improvement in adsorption capacity may be explained by the possibility that the heat treatment in air caused oxidation of the carbon surface; however, further investigation is needed to confirm the conjecture.
Effect of temperature on the adsorption capacity of C1 carbon. In order to investigate the effect of temperature, column tests have been carried out at two temperatures i.e. 20 o C and 40 o C. The carbon sample used for the tests was obtained from gravity separation followed by electrostatic separation, with a particle size of 48x100 mesh. The isotherms were derived by integration of a series of breakthrough curves (Figures 8-10 ). It can be seen from Figure 8 that the adsorption capacity at 40 o C is lower than that at 20 o C. Compared with the capacity obtained in batch tests, the capacity in the column tests is much lower, less than 10% of that from the batch tests. This may be due to the difference in particle size and in adsorption time for the column and batch tests.
Mechanisms of mercury adsorption by unburned carbon. The adsorption of mercury on carbon can be explained by the physical and chemical interactions taking place between the carbon surface and mercury. According to the theory proposed by Dubinin, the carbon surface contains some adsorption centers, called primary sites. When a molecule of the adsorbate adsorbs on a primary site, the adsorbed molecule can then act as a secondary center for the adsorption of more molecules. [24] The primary sites on the carbon surfaces investigated in this study could be any spots that have a high affinity for mercury molecules. By combination of the isotherms with the characterization data, these primary sites may be those enriched with oxygen-containing functional groups, minor/trace elements such as sulfur, and selenium and mercury, and catalyzing components. The enhancement of mercury adsorption after oxidizing unburned carbon at 400 o C in air shows that oxygen-containing functional groups may have an important role, which is also suggested by Hall et al. [25] 
